In two papers in the preceding volume of this Journal) the author has tried to show that the logarithmic order of death in bacteria can be accounted for by assuming in each cell one or several especially sensitive vital molecules, the inactivation of any one of which will prevent multiplication of the cell.
The rate is constant for one reacting molecule, and increases if more than one molecule must be inactiYated to cause death.
Experiments in which the initial number of cells is unknown, cannot be used as a proof either for or against the logarithmic order, because they give no information about the most important part of the survivor curve, i.e., the possible period of no deaths#
Of the 154 experiments remaining, only thirty-two have a constant death-rate indicating one reacting molecule. The majority, 83, show a decreasing death-rate, or a sagging survivor curve. It has been demonstrated ~ that this indicates one reacting molecule, but a mixture of individuals differing in resistance.
The few cases with increasing death-rates seem to indicate that more than one molecule must be destroyed to cause death. But the alternative explanation that these cases, observed mostly with staphylococci and spore formers, are due to a clustering of the organisms in the plate count method seems more probable. 5
Some recent experiments with light of short wave-lengths point in the same direction.
One series of experiments, made by Holweck (1929), described by Lacassagne (1929) and interpreted mathematically by Curie (1929) was carried out with a 3 hours old broth cultureof Ps. pyocyaneaspread on an agar surface, and irradiated with x-rays. With light of 4 A.u. wave-length, the number of survivors decreased in exponential ratio to the dose, which indicates that a single quantum is sufficient to kill the cell. With rays of 8/~.u. wave-length, 4 quanta are required to kill the cell. No data are given, only two survivor curves, and these not logarithmic. Holweck computes from his experiments that the bacterium has a "sensitive zone" of 0.43 diameter in the one and of 0.55/z diameter in the other experiment. If bacteria are hit by quanta outside this zone, they do not seem to be killed. The average dimensions of the cells are given as 0.7 x 4.0 #. This sensitive zone corresponds quite well with the author's assumption of one reacting molecule.
Mme. Curie computes a general probability curve for survival of organisms if different numbers of quanta are required for death. If one quantum is sufficient to kill, she finds the proportion of survivors --K t P = e o r --Kt = log (survivors) which corresponds with the author's formula. 4 Rahn, Otto, J. Gen. Physiol. , 1929 -30, 13, 202. Rahn, Otto, J. Gen. Physiol., 1929 Wyckoff and Rivers (1930) studied the influence of cathode rays upon bacteria and found that a hit by one electron is sufficient to kill a cell of Bact. coli or Bact. aertryke, but the same did not hold true with staphylococcus because the microscopic investigation showed that this organism was clustered even in very high dilutions. This verifies the author's explanation that increasing death-rates and bulging survivor curves in bacteria are due to clustering, and not to a larger number of reacting molecules per cell. Wyckoff and Rivers proved this by incubating a plate inoculated with Bact. coil before exposure to cathode rays; the result was a strongly bulging survivor curve.
There can be no doubt that the number of molecules in a cell is quite large. A cell of Streptococcus lactis ferments about 12 x 10 -t° nag. of sugar per hour, or one million molecules per second. This fermentation must require a considerable number of zymase molecules. But the essential growth mechanism is condensed in the chromosomes which are but a very small part of the cell, and the chromosomes are bdieved to be subdivided into genes each of which represents a special property, i.e., they are all different chemically. Probably, the inactivation of only one such gene would prevent growth.
The number of different genes is so large and the space, especially in bacteria cells, so small, that each gene can consist only of a very few molecules.
Allowing, then, that the evidence permits the assumption that death of bacteria is brought about by the destruction of only one definite gene-like molecule in the cell, it is of greatest interest to see what this status would be with other organisms. Only very few facts on deathcurves of other organisms are available, and we shall analyze them beginning with the simplest forms.
Of all unicellular organisms, the yeasts are usually considered to be the closest relatives of bacteria. There have been several experiments published on the death of yeast. Eijkman (1912-13) gives no data, but merely the survivor curves which are copied in Fig. 1 drawn to standard scald as well as that is possible. These curves, together with Eijkman's statement that yeasts always give this type of curve, suggest that more than one molecule must be destroyed in yeast before the cell loses the power of multiplication, unless Eijkman's yeast showed dumping.
The paper of Fulmer and Buchanan (1923) on the death of yeast by chemical poisons also brings only curves and no data. The indicator for death in these experiments was the staining with methylene blue. This means a new definition of death. All previous discussion was based on the standard plate count method of bacteriology, and this implies the definition that a cell is dead if it loses the power of multiplication. Fulmer and Buchanan define a cell as dead if it turns blue in methylene blue solution. We have no definite knowledge of the relation between these two reactions. It seems most probable, at least to the author, that increased permeability indicates a very late stage in the death process of a cell while loss of multiplying power is probably one of the first stages. There are many intermediate stages between the active, living cell and the absolutely dead cell. We know, e.g., that yeast cells which have lost permanently the power to multiply may still be able to ferment, and such cells will not take the stain. ~If the symptoms of death as defined and measured by Fulmer and Buchanan do not appear until one or two minutes after the loss of multiplication, a "period of no deaths" must be expected. The time difference between the two symptoms of death has not been determined and therefore, the survivor curves given by these authors cannot be used for interpretation of the essential point. It may just be summarized that about one-third of these curves suggests a logarithmic order of death, while 18 per cent are bulging, 15 per cent have 2 maxima, and the others are irregular. Sattler's data (1928) on the death of pink yeast by heat are too incomplete for conclusions to be drawn, the yeast dying too fast at the pasteurizing temperature of milk. It is therefore impossible to state accurately the order of death of yeast until more data are available.
Mr. J. A. Woerz has studied in this laboratory the order of death by heat of a small yeast, Torula cremoris, which does not cluster, and he found the logarithmic order well established at temperatures considerably higher than the maximum temperature of growth. At temperatures very near the maximum, a complication sets in which we have not as yet been able to account for. Of the molds, only the spores are fit objects for a study of the order of death. We owe to J. Henderson Smith a very thorough investigation on death of spores of Botrytis cinema through phenol (1921) and through heat (1923) . The results of most of these experiments are presented in the two sets of curves of Fig. 2 , drawn as logarithmic survivor curves to standard scale.
Smith calls attention to the observation that with increasing phenol concentration, the survivor curve approaches the logarithmic order. He also compares, in his Fig. 7 , two different concentrations on standard scale. From the Fig. 2 above, it seems, however, that only the curve for 0.7 per cent phenol shows a relatively short period of no deaths while the other concentrations are fairly uniform, and show no approach. Nor do the curves on death by heat show any indication of typical change by increase of temperature.
T h e period of no deaths is very large in both sets of data, and suggests a fairly large n u m b e r of reacting molecules. I t m u s t be kept in mind, however, t h a t individual variation m a y influence survivor curves quite decidedly. There m u s t have been a very wide range of variation of resistance in these experiments. Of the untreated spores used in the first phenol experiment, 8.5 per cent did not germinate even without phenol. From these spores, too weak to develop at all, to those which resisted phenol for 2 hours, there is such a great range of variation that this might have determined the type of survivor curve. As an illustration, a pure chance experiment may be compared. Ten coins were flipped simultaneously 1152 times, and Table II shows how often 1,2, 3, etc., heads occurred. The number of chances to throw more than 1, 2, 3, etc., heads corresponds to the survivors in biological experiments. The curve for the number of chances is drawn in Fig. .3 on standard scale. This curve is absolutely identical with the above survivor curves of the mold spores. Smith concluded from his data that the order of death was entirely a chance curve. Since the calculated curve for the order of death approaches more and more the above type of chance curve as the number of reacting molecules increases, it appears rather hopeless to separate the one from the other.
With green algae, at least one good experiment is available on the death of Chlamydomonas in hydrochloric acid by Harvey (1909) . The dead individuals were determined by the loss of motility and the dropping down to the bottom. This is again a new definition of death.
Fie. 4. Order of death of Colpidium. Two experiments on standard scale. Table III shows that the death-rate is fairly constant, and that the deaths per unit time are highest in the first time interval. Harvay himself showed also that there is a straight line relation of the logarithms of survivors plotted against time.
The two experiments of Peters (1920) on the death of the flagellate Colpiclium show just as plainly that the logarithmic order does not fit this case. The death-rate increases continuously, and the deaths per unit time show an increase followed by a decrease. An organism was considered dead when it fell to the bottom of the drop. In order to plot these data on our standard scale, 6 it would be necessary to find by extrapolation the time required to kill 999 out of 1000 individuals. This is hardly possible with the few data available and the small numbers of individuals tested. It was, therefore, necessary to change the standard time to the number of minutes necessary to kill 99 per cent of all individuals, instead of 99.9 per cent. This standard is carried through this entire paper because with the large organisms discussed here, we rarely have more than 100 individuals in one experiment. Fig. 4 shows that more than one molecule is involved in this reaction. This curve cannot be accounted for by clumping of individuals, as each individual was counted as such under the microscope. If we wish to believe that here also, the reaction of one molecule was sufficient to cause death, we have to assume that motility continues for some time after the "fundamental reaction" has taken place, i.e., after the cell is injured beyond recovery.
As a further experimental possibility must be considered the unicellular stages of the higher animals, i.e., the eggs soon after fertilization (unfertilized eggs in most instances would be difficult to test for viability) or the spermatozoa. With the fertilized eggs, the exposure must be finished before the first division of the egg cell occurs because after this first division, there are at least two cells per egg, and we could not consider the egg unicellular.
No data could be found on the order of death of eggs. Among the experiments with multicellular organisms, the best experiments are ~robably those with seeds because the test of germination is quite a severe test for the vitality of the organism, and germination could not progress very far, probably, if the vital cells of the seed had been injured beyond recovery.
The discussion might begin with the experiment on mustard seeds by Hewlett (1909) treated with HgCl~ in exactly the same way that bacteriologists treat anthrax spores. The death-rate has been shown 7 not to be constant, but to increase from 0.0018 to 0.0117. The survivor curve on the standard scale is shown in Fig. 5 . The same figure shows also the death of dry wheat seeds at a temperature of 87.5°C., as measured by Groves (1917) whose data are reproduced in Table V . In this experiment, "seeds were considered normally germinated when both root and stem had broken through the seed coat. Injury is very plainly shown by a delay in germination which is at longest exposures as much as 16 days later than the normal germination." This definition of death agrees quite well with that of the bacteriologist.
Porodko (1926) made a number of careful experiments on the death of wheat seeds steeped in hot water for various lengths of time. Later, Porodko (1927) gave a formula for the order of death in which he Rahn, Otto, J. Gen. Physiol., 1929-30, 13, 181. assmnes that the period of no deaths is merely due to the slow penetration of heat into the seed, and that after the heat is uniform throughout the seeds, they die in logarithmic order. He proves this graphically b y showing that the logarithms of survivors lie on a straight line after the period of no deaths is passed. If his curves are compared with those given by the writer 2. 4 for more than one reacting molecule it will be seen that their lower end deviates but little from the straight line. The data at hand are not sufficient to prove the deviation. But Porodko's explanation is improbable because he would have to assume that the heat penetration requires This is very improbable. Nor does Porodko give any explanation as to why the order of death should be logarithmic. His data fit the logarithmic curve, but they also fit the curve for several reacting molecules which is by far more probable. Unless some mathematical method should be found to distinguish the number of "reacting cells" as well as the number of "reacting molecules," the results for multicellular organisms cannot be fully interpreted. In those higher organisms where the destruction of one vital molecule causes the death of the cell, the number of cells is identical with thenumberof reacting molecules. Butwe havenomeansof determining which organisms, if any, have such cells with only one reacting molecule, and our interpretation must necessarily remain rather vague.
Some animal experiments will be mentioned, however, to call attention to a certain confusion of analogies.
The death of blood corpuscles has interested biologists for some time, and Brooks (1919) quotes quite a number of investigators who studied the order of death of blood corpuscles by ultra-violet light and similar rays.
The corpuscles appear normal immediately after irradiation, but they dissolve within a few hours. All investigators, without exception, have irradiated for a definite length of time, and have observed in what order these blood cells then disappear, dissolve, "die." This is something altogether different from the order of death we have been discussing so far, and cannot be compared at all. The time of observation is here confused with the time of exposure. In all previous experiments, organisms were exposed for several different lengths of time, and the number killed through each of these exposures was measured. It was not determined how soon after the exposure they really died; it does not matter whether the bacteria plates are counted 2 days or 7 days after exposure. But the blood corpuscles were all exposed for the same length of time and, in all published experiments, sufficiently long to be killed. Those corpuscles were all dead when exposure ceased. The investigators only lacked the means to see it. The dissolution which was observed later is not death; it is a really immaterial secondary reaction following the destruction of the vital molecules.
Brooks (1919) in his discussion of the order of death of red blood corpuscles, mentions the two types of experiments in the same table (see Table VI ).
The first experiment shows no deaths immediately after the radiation, but the erythrocytes begin to disintegrate one hour after the cause of death has been removed. The order of disintegration is a variability curve; nothing else could be expected from organisms all of which receive exactly the same treatment of 10 minutes radiation.
In the second experiment, the blood corpuscles are continuously exposed to hemolysis. It would be comparable to bacteriological technique had we not learned from the first experiment that it takes in the average 145 minutes for a blood corpuscle to dissolve after it is doomed to die.
In order to bring out the difference more plainly, the author, together with Mr. J. A. Woerz, made some similar experiments varying the time of exposure as well as the time of observation. Chicken blood, diluted 1 : 10, was exposed to ultra-violet light in very shallow dishes and then sealed with vaseline in hemacytometers, incubated at 37 ° , and counted at intervals. The count after 22 hours was taken as final, and corpuscles not dissolved within 22 hours after exposure were considered unharmed, or "survivors." Table VII shows all essential data. I 7 [28 I 57[88 191 197 199 [ 100 the influence of x-rays upon the beetle Tribolium ¢onfusum by Davey (1917) are another such example. Davey exposed 100 beetles to xrays for a certain length of time (which did not kill them immediately) and then counted the number of dead individuals day after day. The two sets of figures in Table VIII are the only data given b y him. I n t h e controls, n e v e r m o r e t h a n 4 p e r c e n t d i e d w i t h i n t h e first 15 d a y s . 
T A B L E V I I

Hemolysis of Chicken Erythrocytes by Ultra-Violet Light
T A B L E IX
Percentage Survivors of Tomato Motk Larvae on Plants Sprayed with Arsenate Of Lead
If t h e beetles h a d been c o u n t e d b y t h e b a c t e r i o l o g i c a l t e c h n i q u e , t h e y w o u l d all h a v e b e e n c o u n t e d as d e a d a t t h e end of t h e r a d i a t i o n . N o n e of t h e r a d i a t e d beetles m u l t i p l i e d ; t h e y all h a d a s h o r t e n e d ex-
pectation of life. We must assume from the data that some essential molecules in the vital cells of all the beetles had been destroyed, but the rest of the cells, less sensitive than those few vital ones, survived and performed their routine tasks in the ordinary way just as yeast cells may continue fermenting after they have lost the capacity to form colonies. The beetles were all doomed, yet gave the impression of normal healthy individuals until their premature death proved the contrary.
As examples of experiments showing an order of death in the customary sense of the word, there are quoted in Tables IX and X of tomato moth larvae by different concentrations of arsenate of lead, from Lloyd, (1920) and the killing of tadpoles (which were nearly ready to become frogs) by heat (35.5°C.) according to Boycott (1920) . Fig.  7 shows the logarithmic survivor curves. They indicate plainly that a considerable number of molecules must be inactivated before these organisms are dead, and there is a suggestion that this number is larger in the tadpoles than in the moth larvae. This statement cannot be made more positive because we have to consider the variation of individuals to resistance which was probably greater in the moth larvae than in the tadpoles. This variation causes the period of no deaths to change very gradually into the death curve while the change is quite abrupt if all individuals have the same resistance. 2
There is a possibility of determining the n u m b e r of molecules whose inactivation is sufficient to cause death, provided t h a t we can eliminate variation in resistance. In this case, the period of no deaths is plainly marked. For a n y rate of death and for a n y n u m b e r of reacting molecules r, the percentage of survivors can be computed from the formula developed. Table X I shows such computation for the case of two reacting molecules. T h e formula for the dead individuals at the time n in this case is where p is the proportion of molecules acted upon in unit time, and q = 1 -p. F r o m this, we obtain the percentage of survivors s --1 0 0 ( n -q ( n -1))¢'-~ T h e period of no deaths in this case lasts ~ust one time unit. If the period of no deaths in a n y experiment can be accurately measured, the other data can be compared with Table X I ; if they fit into any of these sets of numbers, death was caused b y inactivation of two molecules per organism.
T h e data on Colpldium b y Peters (Table IV ) m a y serve as an example. T h e period of no deaths in Experiment I I is practically one minute. T h e data for the later times fit fairly well between the values of Table X I computed for q = 0.6 and q = 0.7, as may be seen by the following comparison: The agreement is quite good except for the last value which might be brought about by variation in resistance.
Percentage of Survivors
In Experiment I, a graphical treatment of the data indicates the period of no deaths to be about 8 minutes. We must also determine graphically the survivors for 16 minutes (n = 2), 24 minutes (n = 3) etc. The results check fairly well for q = 0.4. [ 95"81 64 [ 33 I 17 [ 4.0 Again, the agreement is quite satisfactory, and we might draw the conclusion that death of Colpidium (i.e., cessation of motion) is caused by the inactivation of two molecules.
A fair agreement is also found for the death of blood corpuscles. The data from Table VII observed after 22 hours coincide approximately with the computation for q = 0.6. Fig. 6 shows that the period of no deaths is practically one minute.
;omputed for q = 0.6.. )bserved with blood corpuscles. The data fluctuate a great deal, as may also be seen from Fig. 6 , but there is a general agreement, except again for the last value.
DEATH OF ORGANISMS LARGER THAN BACTERIA
Quite different is the case with fruit flies. The period of no deaths is between 17 and 20 minutes. If two reacting molecules would satisfy the order of death, 17-20 minutes should be the unit of time, n. We obtain the survivor data graphically (Table XII) .
The values for q estimated from Table XI are decreasing rapidly with time; even if we chose the time unit as 25 minutes, q would decrease. A decrease of q means an increase of the death-rate. This increase indicates, that the number of reacting molecules is larger than 2, and, since the increase of the death rate is rapid, the number of reacting molecules is much larger than 2. Nothing else could be expected of a metazoon. In order to actually determine the number of reacting molecules in this way, it would not only be necessary to have a more accurate formula, but also to have data on individuals of uniform resistance. This might be accomplished to a certain degree with small organisms, or with seeds from carefully bred plants. But the author knows of no data where an effort has been made to eliminate variability. With an increasing number of reacting molecules, the calculated data will be quite close to each other, and considering the large experimental error, the actual number of reacting molecules could be only approximately estimated by this method.
The small number of such vital molecules in unicellular organisms makes it appear probable that in larger organisms also, the number of such molecules per cell is not very large. This would mean that the reactions of these molecules in each cell do not follow the mass law, but the law of chance. Even with one hundred reacting molecules per cell, not all cells die at the same time; after a period of no deaths of one hundred time units, 5 per cent die between 100-105 units, 53 per cent between 105-110 units, 38 per cent between 110-115 units, and 4 per cent between 115-120 urdts.S There must be a lack of continuity of reaction owing to the limited number of molecules of each kind, comparable to the quantum theory in energetics, which is also based upon certain limits in the division of matter. The final reaction in each cell, under these circumstances, will be identical, but the reaction in each of a number of identical cells may take place at different times.
It seems possible to imagine that this lack of continuity and the improbability of similar cells reacting alike at the same time is of greater biological significance. It might be quite an essential factor in causing dissimilarity of individuals of the same species, of leaves on the same tree, of identical twins, etc.
SUMMARY
In a previous paper it has been shown that the logarithmic order of death of bacteria can be accounted for by the assumption of some very unstable molecules so essential for reproduction that the inactivation of only one such molecule per cell prevents reproduction and makes the cell appear "dead" according to the standard method of counting living bacteria.
In the present paper dealing with the order of death of larger organisms, only a motile alga, Chlamydomonas, is shown to have the same order of death. The very scant material on the order of death of yeasts is contradictory. It seems possible that more than one molecule must be destroyed to kill a yeast cell.
With the spores of a mold, Botrytis cinema, the number of "reacting molecules" is decidedly larger than 1.
A flagellate, Colpidium, gave a survivor curve suggesting the destruction of two molecules before motility ceases. Erythrocytes exposed to ultra-violet light also follow the formula for two reacting molecules.
The analysis of the survivor curves of multicellular organisms is not possible because no distinction between the number of essential molecules and the number of essential cells seems possible. Besides, variability of resistance changes the shape of the survivor curves in such a way that it becomes impossible to differentiate between variability and actual survivor curve.
The general results seem to justify the assumption that in each cell, the number of molecules which are really essential for life and reproduction, is quite limited, and that, therefore, equal cells will not react simultaneously, though ultimately the reaction will be the same.
This theory of lack of continuity in cell reactions owing to the limited number of reacting molecules is an analogon to the quantum theory where continuity ceases because division of matter reaches a limit.
It seems probable that this lack of continuity in cell reactions has a general biological significance reaching beyond the order of death.
